The introduction of unconventional processes is a revolution in the field of manufacturing technology. These have been discovered not to abolish the conventional processes, but to increase their flexibility. Electro-discharge drilling (EDD) is hybrid machining process, which has been assembled with the z-axis numerical control electro-discharge machining (ZNC-EDM) setup. EDD process is basically hole making process for electrically conductive super alloys and difficult to machine materials. The present discussion will attempt to highlight the recent developments in the field of drilling of metal matrix composites. Finally, the present work extracts the outline of the optimized process parameters (discharge current, arc on time and tool speed) for maximum material removal rate, minimum tool wear rate and a satisfactory amount of improvement has been noticed in the machining performance of EDD.
Introduction
With the innovations in the field of manufacturing and materials engineering, novel and advanced materials are being developed worldwide. In order to justify their application spectrum, it becomes imperative to characterize their manufacturability, in addition to their usual mechanical, physical and chemical characterization. The advanced composite materials and their high quality and cost-effective manufacturing, presents researchers and engineers with a plethora of challenges. Composite materials have found substantial application in the most diverse fields of engineering ranging from aerospace to sports equipment. Superior mechanical properties and design flexibility make composite materials favorable. Composite manufacturing technology can broadly be classified as primary manufacturing and secondary manufacturing [1] . The work piece material, metal matrix composites (MMCs) have been selected due to their growing range of applications in the field of aerospace materials, mold making industries and other enterprises. MMC is one such significant material which is difficult to machine. The conventional methods of material removal such as drilling are usually not suitable for machining MMCs. Therefore, the machining of MMCs with unconventional methods such as electro-discharge machining (EDM), electro-discharge drilling (EDD) etc. becomes inevitable.
MMCs are known for their hardness and wear resistance property, which makes them a suitable material for machining process research. Due to the high material hardness mixed with advanced ceramics such as SiC (silicon carbide), these materials are difficult to machine using conventional machining processes such as turning, milling and drilling. MMCs are composite materials with at least two constituent materials, first being a metal. The other material may be a different metal or material, such as a ceramic or an organic compound. A SiC mixed Al is a composite material composed of respectively ceramic (cer) and metallic (met) materials [2] .
Wang and Yan, [3] investigated the feasibility of machining Al 6061/Al 2 O 3 composite materials by EDM for blind hole drilling and evaluated the material removal rate (MRR), tool wear rate (TWR) and surface roughness (SR) with various input parameters (e.g. polarity, peak current, pulse duration, power supply voltage, rotational speed of the electrode, injection flushing pressure). Yan and Wang, [4] observed that MRR increased with peak current and was erratic with pulse duration. The MRR, TWR and SR increased with flushing pressure during machining of Al 6061/Al 2 O 3 composites using rotary electro-discharge machining with a tube electrode. Yan et al., [5] found that in case of rotary electro-discharge machining process, the main challenge is of using a disklike electrode for machining Al 6061/Al 2 O 3 composites. Shu et al., [6] developed an electrical discharge abrasive drilling (EDAD) methodology to remove the re-solidified layer through the grinding induced by a MMC electrode prior to the re-solidification of molten material. The combined functions of EDAD can be soundly realized by using an electrode rotating facility with well-bounded MMC electrode (Cu/SiC) made by the powder metallurgy method. Iosub et al., [7] investigated the influence of the most relevant parameters of EDM on MMR, electrode wear and machined surface quality of a hybrid MMC material. The material used in this study was aluminium matrix composite reinforced with 7%SiC and 3.5%Gr.
Rajurkar et al., [8] correlated the input parameters (peak current, pulse on time and wheel speed) with the output parameters during abrasive electro-discharge grinding (AEDG) of Al-SiC composite and titanium alloy (Ti-6Al-4V). It was shown that AEDG improves MMR and surface finish (SF) for both these materials as compared with EDM or electro-discharge grinding (EDG). The EDM was performed using the same graphite wheel as in the EDG without wheel rotation. The increase in MRR of EDG over that of EDM is due to the wheel rotation, which improves the dielectric flushing in the machining region and reduces the amount of abnormal discharges. Singh et al., [9] have reported the effect of input parameters (such as wheel speed, current, pulse on time and duty factor) on output parameters (MRR, wheel wear rate and average surface roughness) for tungsten carbide-cobalt composite. Same authors have developed a face grinding setup for face-discharge diamond grinding [10] . Song et al., [11] investigated the micro electrical discharge drilling (micro EDD) for cobalt-bonded tungsten carbide (WC-Co) and aimed to produce an electrolytic corrosion-free hole with deionized water. To suppress this electrolytic corrosion, a bipolar pulse power generator was suggested and the proper electrical conditions were investigated. Koshy et al., [12] investigated the electro-discharge diamond grinding (EDDG) and discussed the role of current and wheel speed on MRR. It was also analyzed that the reduction in normal force is due to the thermal softening of the work material (high speed steel) caused by electrical discharge. The effect of gap current on normal force, tangential force and specific grinding energy for different wheel speeds was also discussed. Choudhury et al., [13] worked on experimental set-up and parametric study of EDDG process on high speed steel and the effect of current, voltage, pulse on time and duty factor was investigated on grinding forces and MRR. For improving performance of grinding wheel, it is advisable to use continuous in process dressing and copper for dressing electrode material because the transformation of diamond to graphite occurs in the presence of certain metallic elements at 900 C. Copper and gold have been reported as the only materials to induce no thermal erosion in diamond. Yadav et al., [14] investigated the machining parameter design of EDDG process. The EDDG setup was developed and experiments were conducted on high speed steel work piece by varying current, pulse on time, duty factor and wheel speed by using the Taguchi methodology.
In this study, the machining performance has been compared between EDM and EDD process. In addition, statistical technique has been used to predict the measures of performances as a function of a variety of process parameters on MMC (processed by stir and squeeze casting process). Finally, confirmation experiments have been conducted to validate the optimum process parameters obtained from the analysis of parametric design during EDD process of MMCs.
Experimental method

Experimental set-up, materials and methods
The experimental studies were performed on a z-axis numerical control electro discharge drilling set-up as illustrated in Fig. 1 . The drilling process has been designed keeping in view of the essential mechanism with logical requirements of various parts. Drilling process set-up is attached with servo system (known as a servo control mechanism) of negative (cathode) terminal. Design of every part requires the selection of criteria such as light weight, negligible vibration and good conductive material. This experimental setup consists of a 5mm thickness aluminium plate, universal motor (speed control by the regulator), shaft casing and tool holder (shown in Fig. 1 ). Solid copper tool electrode (99.7% Cu, 0.12% Zn, 0.02% Pb, 0.02% Sn) with 8mm diameter and 55mm length was used in the experimental studies of electro-discharge machining (EDM) and electro-discharge drilling (EDD) process as depicted in Fig. 2a . The selected work piece material in the research work is a metal matrix composite plate with 6mm thickness. Through holes were drilled in Al6063/10%SiC MMC specimens. MMC was developed using standard stir and squeeze casting process route. The melting of Al alloy and SiC particles was carried out in two different furnaces. Reinforcement of 10%SiC particles was preheated at around 800°C to 900 0 C for 3 hours before melting. The average particle size of the SiC particles was 5μm.The Al alloy was also preheated at around 800°C to 850°C to reach the mushy stage. The preheated SiC were added in Al and mixed by stirrer. The stir casing process was carried out for around 10min at an average mixing speed 150-300rpm contorted by auto regulator. The composite temperature was controlled to be within around 750°C. The microstructure of the developed MMC (Fig. 3) shows the uniform distribution of the SiC particles [15] . The scope of the present study is the investigation and comparison between the EDM and the EDD process. The surface quality obtained with the EDM process is approximately equivalent compared to the EDD process. The main drawback of the EDM of MMCs is relatively slow material removal rate as compared to EDD process. Table  1 shows MRR and TWR of both EDM and EDD process. It can be seen from table that MRR is less in EDM process as compared to EDD process. Tool wear rate is an inevitable parameter to every material removal process, though not desired at all. Therefore, considering the economic as well as the precision machining point of view, maximization of material removal rate has been engineer's primary matter of concern. The tool wear was observed on the electrode face or bottom portion and at the corners of the tool after the EDD process (Fig. 2b) , however in EDM process tool wear was observed on bottom, corner and side portion (Fig. 2c) . Different settings of discharge current, arc on time, and tool speed were used in the experiments. During all the experiments, gap voltage, flushing pressure, arc off time and polarity were kept constant. The spark gap (gap between drill tool and work piece) was constantly maintained by a z-axis servo controlled system as 0.05mm for each experimental run. The operational time was observed directly from the computer monitor/display unit, which is attached to the control panel. The response values reported in the study are the mathematical average of three measurements. The material removal rate (mm 3 /min) and tool wear rate (mm 3 /min) can be determined from the following equations:
Where, W i is the initial weight of work piece in gm, W f is the final weight of work piece in gm, T is the operational time in minutes, ρ w is the work piece material density in gm/cm 3 , T i is the initial weight of tool in gm, T f is the final weight of tool in gm and ρ t is the tool material density in gm/cm 3 . 
Parameter design for EDD process
The identification of controllable parameters and to define the level of each factor is equally crucial to the success of any optimization problem. A pilot experimentation was conducted on EDD process set-up using the one factor at a time approach. The controllable parameters selected in the present experimental study are discharge current (3-15amp), arc on time (30-150μs) and tool speed (300-700rpm). The controllable parameters, their range along with the different levels which were related to EDD process are shown in Table 2 . Thus, the 17 experimental runs allowed the estimation of the main effect and two way interactive effects of the process parameters on the response variables. Statistical software, design-expert v7, has been used to code the variables and to establish the design matrix. Box-Behnken design is applied to the experimental data to obtain the regression equations and to generate the statistical and response plots. 
Results and discussion
Benyounis et al., [16] presented a comprehensive literature review on the application of the statistical and numerical methods in the area of machining. The authors have suggested that response surface methodology (RSM) performs better than other techniques. The main benefit of RSM is its ability to exhibit the factor contributions from the coefficients in the regression model. The other important field of RSM consists of the low order non-linear behavior with regular experimental domain.
Development of mathematical models
The adequacy of the model is tested using the sequential F-test and the analysis of variance technique (ANOVA) using the Box-Behnken design to obtain the best fit model. ANOVA tests for individual and interative machining parameters for responses have been conducted. The multiple regression coefficient R-squared value for the MRR and TWR are found to be 0.9961 and 0.9992 respectively. These R 2 values are close to 1, which is desirable. The associated p-value of less than 0.05 (i.e. 95% confidence level) indicates that the model terms can be considered as statistically significant [17] . The lack of fit value of the model indicates non-significance, as desired. Table 3 and Table 4 shows the summary of significant machining parameters for the responses. It is clear from the ANOVA results (Table 3 ) that the main effect of the discharge current (A), arc on time (B) and tool speed (C), the quadratic effect of the discharge current (A 2 ), arc on time (B 2 ) and tool speed (C 2 ), along with the interaction effect of the discharge current and arc on time (AxB), discharge current and tool speed (AxC) are the significant model terms associated with material removal rate. The ANOVA table of the model with other adequacy measures, adjusted R 2 and predicted R 2 are also given in Table 3 . The final mathematical model for MRR is given by equation 3. The ANOVA result for the TWR have been summarised in Table 4 . The main effect of the discharge current (A), arc on time (B) and tool speed (C), the quadratic effect of the arc on time (B 2 ) and tool speed (C 2 ), along with the interaction effect of the discharge current and arc on time (AxB), discharge current and tool speed (AxC), arc on time and tool speed (BxC) are the significant model terms associated with tool wear rate. The lack of fit, f-value implies that the lack of fit is not significant relative to the pure error. The final mathematical model for tool wear rate, which can be used for prediction within given design space, is given by equation 4. 
In terms of actual factors (
Effect of machining parameters on material removal rate (MRR)
The similar procedure has been applied to find out the effects of the three input variables viz. discharge current, arc on time and tool speed on the two chosen output variables namely-MRR and TWR. The effect of input parameters on the estimated responses of MRR and TWR is depicted in the perturbation plots, which provides outline views of the response surface as shown in Fig. 4 and 5 . Fig. 4 shows the effect of the dominant factors, discharge current, arc on time and tool speed on MRR during the EDD process of MMCs. Note that the discharge current is most dominant factor for MRR. During discharge drilling process, in addition to the expansion of plasma channel, at high discharge current efficiency (discharge level), the localized temperature is increased. An increase in the discharge energy improves the rate of melting and evaporation and the impulsive force of expanded dielectric fluid. The maximum thermal stocking is developed on the MMC. Hence, it leads to maximum MRR. Thus, when the discharge current efficiency is reduced and becomes unstable, the MRR is decreased.
From Fig. 4 , it is evident that as the arc on time increases, it gradually increases the MRR. MRR is dependent on sparking energy, which is proportional to pulse duration. The maximum sparking energy can be reached based on increased pulse duration (single discharge period). Moreover, larger arc on time duration results in a high material removed per arc time, which results in larger crater size developed. The spark energy provided by the plasma channel melts and vaporizes the MMC. However, the generated flushing pressure may not be enough to sweep the molten material which directly reduces the MRR during EDD process. Tool speed has a significant effect on the amount of spark. When tool speed is increased, a limit is reached when the spark energy is durable. Therefore, very high rotation of the tool (<1200rpm) cannot withstand the high spark density and suddenly reduces MRR. At the other extreme, with an increase in tool speed at initial stage, amount of sparks will be increased to a certain level. The tool electrode produces centrifugal force and throws a dielectric pressure film in the electrode gap region. These types of films of dielectric induces an atmosphere for improved drilling and prevents arcing, as well as delivers extreme spark energy that improves the MRR. However, very high tool speed is not suitable for drilling. For this reason, at medium tool speed, MRR tends to increase. Therefore, there should be always a suitable selection of discharge current, arc on time and tool speed to give higher MRR.
Effect of machining parameters on tool wear rate (TWR)
Tool wear is dependent on the conductivity of the electrode material. The discharge current has a direct effect on the TWR as shown in Fig. 5 , which indicates that, very high discharge current can cause extensive tool wear rate. Copper tool electrode is a high electrical conductive material (conductivity: 401 W·m ) and low thermal resistance, but the reinforced particles are highly resistant at maximum discharge current. The tool wear rate becomes higher, than the material removed from work piece material, thus increasing the TWR. Fig. 5 shows that the TWR gradually increases with an increase in arc on time in beginning, but then starts decreasing slowly. The molten MMC protects the tool surface against wear and minimum time is available for heat transfer from the molten crater to the surface of rotary tool electrode. As the duration of arc on time increases, the spatial current density of discharge frequency decreases, which causes the reduction in TWR during EDD process.
On the other hand, at maximum levels of the arc on time and tool speed, the material removed from the work piece cannot get re-solidified on the generated surface causing the arcing to increase the TWR (Fig. 5) . Tool speed has relatively lower effect on TWR. Slight decrease in the tool wear rate is observed when the tool speed is increased. Table 5 shows verification of the test results.The machining performance at the predicted process parameters was compared with the actual machining performance and a good agreement was obtained between these performances. The actual results, predicted values and calculated percentage error of confirmation experiments are furnished. It has been observed from the results of confirmation experiments conducted with the optimum parameters for different responses individually that the prediction error is about ± 5%. Thus, the response optimization predicts for optimum conditions fairly well. It is observed from validation experiments that there is a minor percentage error between the estimated and the experimental values, which designate that the developed model can yeild nearly accurate results. For testing the prediction ability of the model, prediction error in each output node has been calculated as follows: 
Validation of the developed models
Conclusions
The major objective of the research endeavour was the identification of optimal process parameters (discharge current, arc on time and tool speed) for EDD process, that put a significant result on the drilling performance of the process for MMC. The conclusions based on the experimental results are summarized as follows:
The main limitation of the EDM units for MMCs is relatively slow material removal rate as compared to EDD process. The MMR for EDM process is very less as compared to EDD process but TWR for EDD process is high as compared to EDM process. The discharge current has direct effect on the responses. Discharge current contributes positively with statistically significant effect on the MRR and TWR. Arc on time has considerable effect on the MRR and TWR. When arc on time is increased the MRR and TWR decreases. AS the speed of the tool electrode increases, a decrease in the MRR value as well as the TWR values is observed. Experiments have been conducted to test the model and satisfactory results are obtained.
